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Summary  
Polycomb repressive complexes (PRC) 1 and 2 are essential chromatin regulators of cell identity. PRC1, a 
dominant executer of Polycomb-mediated control, functions as multiple sub-complexes that possess catalytic-
dependent H2AK119 mono-ubiquitination (H2AK119ub) and catalytic-independent activities. Here, we show 
that despite its well-established repressor functions, PRC1 binds to both silent and active genes. Through in 
vivo loss-of-function studies, we show that global PRC1 function is essential for skin development and stem 
cell (SC) specification, whereas PRC1 catalytic activity is dispensable. Further dissection demonstrated that 
both canonical and non-canonical PRC1 complexes bind to repressed genes, marked by H2AK119ub and 
PRC2-mediated H3K27me3. Interestingly, loss of canonical PRC1, PRC1 catalytic activity, or PRC2 leads to 
expansion of mechanosensitive Merkel cells in neonatal skin. Non-canonical PRC1 complexes, however, also 
bind to and promote expression of genes critical for skin development and SC formation. Together, our findings 
highlight PRC1’s diverse roles in executing a precise developmental program. 
 
Keywords 
Polycomb complex, PRC1, skin, epidermis, hair follicle, stem cells, Merkel cell, epigenetics 
	 3	
Introduction 
It is becoming increasingly clear that chromatin regulators are critical factors controlling stem cells 
(SCs), tissue development, and homeostasis. Importantly, alterations in the functions of chromatin regulators 
lead to human diseases, including cancer (Vogelstein et al., 2013). Polycomb is a major chromatin regulator 
that functions as two multi-subunit complexes, Polycomb repressive complex (PRC) 1 and PRC2. PRC2 
consists of the EED, SUZ12, and EZH1/2 core subunits, and establishes tri-methylation on H3K27 
(H3K27me3) (Cao et al., 2002; Margueron and Reinberg, 2011). Several mammalian PRC1 sub-complexes 
have been identified (Gao et al., 2012), and each of them contains an E3 ubiquitin ligase, RING1A or RING1B, 
which catalyses H2AK119ub (de Napoles et al., 2004; Gao et al., 2012; Wang et al., 2004). At target genes, 
PRC1 and PRC2 compact chromatin and repress genes (Simon and Kingston, 2009), although a few 
examples of PRC1 and PRC2 subunits binding to active genes have been reported (Kloet et al., 2016; Mousavi 
et al., 2012; van den Boom et al., 2016). Recent studies demonstrated that PRC1 promotes H2AK119ub-
dependent recruitment of PRC2, suggesting a pivotal role for PRC1 in Polycomb-mediated gene control 
(Blackledge et al., 2014; Cooper et al., 2014). 
Surprisingly, while numerous loss-of-function studies of PRC2 have been reported (Chiacchiera et al., 
2016b; Ezhkova et al., 2011; Ezhkova et al., 2009; Juan et al., 2011; Mu et al., 2014), the functions of PRC1 in 
somatic tissue development and tissue-specific SC control are largely unknown. Additionally, the importance of 
PRC1’s E3 ubiquitin ligase activity has recently been debated and its importance for tissue control is unclear 
(Endoh et al., 2012; Illingworth et al., 2015; Pengelly et al., 2015). Finally, there are at least six different 
mammalian PRC1 sub-complexes, as defined by the specific PCGF1-6 subunits that compose the core PRC1 
complex together with RING1A or RING1B (PRC1.1-PRC1.6) (Gao et al., 2012). These can be further divided 
into canonical PRC1 (cPRC1) complexes that contain PCGF2 or BMI1 (PCGF4) and a CBX protein, that 
recognizes H3K27me3 to facilitate cPRC1 recruitment to chromatin (Simon and Kingston, 2009). Non-
canonical PRC1 (ncPRC1) complexes lack CBX proteins and their recruitment to chromatin is not dependent 
on H3K27me3 (Blackledge et al., 2014; Cooper et al., 2014). ncPRC1 complexes contain RYBP or its homolog 
YAF2, one of PCGF1-6 proteins, and other subunits (ncPRC1.1-ncPRC1.6). These complexes were shown to 
differ in their accessory subunit composition, functional characteristics, and genomic localization in vitro with 
minimal overlap between them (Gao et al., 2012). Such distinct functional characteristics were further 
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demonstrated by showing that ncPRC1.3/1.5 complexes cooperate with the AUTS2 transcription factor to 
promote gene expression in neuronal cells (Gao et al., 2014). In line with this, recent loss-of-function studies of 
PCGFs in ESCs highlight different roles for the different PRC1 complexes (reviewed in (Bajusz et al., 2018)). 
These functional discrepancies are also evident from in vivo studies. Mice lacking a cPRC1 subunit, Bmi1 
(Pcgf4), exhibit posterior transformations, neurological defects, and progressive loss of hematopoietic SCs, in 
part due to misregulation of the Ink4A/Arf locus (Jacobs et al., 1999). Furthermore, loss of cPRC1 subunits, 
Bmi1 and Pcgf2, leads to embryonic lethality (Akasaka et al., 2001). Mice lacking ncPRC1’s Pcgf6 subunit are 
viable and fertile but have anterior transformations of the axial skeleton, whereas loss of Pcgf3/5 results in 
female-specific embryonic lethality (Almeida et al., 2017; Endoh et al., 2017). While these studies clearly 
suggest discrete roles for the different PRC1 complexes, their roles in somatic SCs and tissue development 
remain poorly studied. 
 Here, we used the developing skin epithelium as a model to dissect the roles of PRC1 in the control of 
a somatic/tissue-specific SC. During development, a monolayer of embryonic epidermal progenitors gives rise 
to the epidermis, which provides protective barrier functions, the hair follicles (HFs), which are important for 
thermo-protection, and the Merkel cells, which mediate mechanosensations (Blanpain and Fuchs, 2009; 
Perdigoto et al., 2016). By coupling in vivo chromatin and gene expression profiling with loss-of-function 
studies, we uncovered critical and diverse roles of PRC1 complexes in the control of skin epithelium 
development through regulation of both silent and active genes. 
 
Results 
Genome-wide analysis of PRC1 binding reveals enrichment at both active and repressed genes 
We have previously generated mice in which the PRC2 subunit EED was ablated in embryonic 
epidermal progenitors (Eed cKO) (Dauber et al., 2016). PRC2 loss-of-function led to the loss of H3K27me3 in 
all skin epithelial lineages (Figure S1A). Intriguingly, immunofluorescence (IF) and Western blotting analyses 
did not reveal significant differences in PRC1-dependent H2AK119ub in Eed cKO skins (Figures S1A and 
S1B), indicating that PRC1 can mono-ubiquitylate H2AK119 in the absence of PRC2. To build on this 
observation, we next analyzed the genome-wide distribution of H3K27me3, H2AK119ub, and core PRC1 
subunit RING1B, in epidermal progenitors. By performing fluorescence-activated cell sorting (FACS), we 
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purified epidermal progenitors from newborn (P0) Keratin (Krt)14-RFP and Krt10-H2B-GFP mice (Figures S1C-
E) and subjected the isolated cells to a chromatin immunoprecipitation (ChIP) assay, followed by high-
throughput sequencing (seq), using two biological duplicates for each ChIP-seq data. Interestingly, comparison 
of ChIP-seq peaks for RING1B revealed that 49% of RING1B target genes did not contain peaks for 
H2AK119ub or H3K27me3 (Figure 1A, Table S1). 
Based on the interesting genome binding of RING1B, we next performed ChIP-seq analyses of 
H3K4me3, H3K27ac, and H3K4me1, which are histone marks associated with active promoters and 
enhancers, followed by clustering analysis with ChIP-seq data for RING1B, H2AK119ub, and H3K27me3. The 
analysis revealed four RING1B-bound peak clusters. In clusters 1 and 2, we observed strong and broad ChIP-
seq signals for RING1B, H2AK119ub, and H3K27me3, low signals for H3K4me1 and H3K4me3, and no 
H3K27ac signal (Figure 1B). Overall, ChIP-seq signals for cluster 1 were more widespread than those for 
cluster 2 (Figure 1B). The RING1B peaks for both clusters were enriched at promoter regions (Figure 1C), and 
high-throughput sequencing of RNA (RNA-seq) revealed that nearby genes were repressed in control 
epidermal progenitors, with mean expression levels of FPKM < 1 (Figure 1D). In contrast, genomic regions of 
clusters 3 and 4 had narrow and lower signals of RING1B binding, and low levels of H2AK119ub and 
H3K27me3 (Figure 1B). Interestingly, they also had high levels of H3K4me3, H3K4me1, and H3K27ac, 
suggesting that in these regions, RING1B was bound to promoters or enhancers of transcriptionally active 
genes (Figures 1B and 1C). The main differences between clusters 3 and 4 were relatively higher levels of 
repressive H3K27me3 mark and lower levels of active marks in cluster 3 compared to 4 (Figure 1B). RNA-seq 
analysis showed that genes in clusters 3 and 4 were expressed at levels significantly higher than those in 
clusters 1 and 2, with the highest expression in cluster 4 (Figure 1D). ChIP-seq analysis of PRC1 subunits 
RYBP and BMI1, which are present in two main forms of PRC1 sub-complexes, revealed that the majority of 
RING1B-bound genes in each cluster were co-bound by at least one of these PRC1 proteins (Figures 1E, S1F, 
and Table S1), suggesting that RING1B binds to these repressed and active genes in the context of a PRC1 
complex. Intriguingly, gene ontology (GO) analysis revealed that clusters 1 and 2 contained genes of non-skin 
lineages, and clusters 3 and 4 were enriched for transcriptional regulators, components of signaling pathways, 
and chromatin modifying proteins (Figure 1F, Table S1). Many of these genes were known critical regulators of 
epidermal development and epidermal progenitors (Figure S1G, Table S1). 
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PRC1 global, but not catalytic, activity is required for skin morphogenesis and the establishment of a 
functional HF-SC compartment 
We next performed functional studies of PRC1 using conditional PRC1-null mice, in which the essential 
E3 catalytic core of all PRC1 complexes, RING1A and RING1B, is ablated in embryonic epidermal progenitors. 
We crossed Ring1a-null Ring1b floxed mice with Krt14-Cre mice, in which Cre recombinase is expressed 
under the keratin 14 promoter, which is active in embryonic epidermal progenitors starting at embryonic day 
(E) 12 (Dassule et al., 2000) (Krt14-Cre; Ring1a-/- Ring1bflox/flox = 2KO). Furthermore, as our ChIP-seq data 
revealed that the presence of PRC1/RING1B at active and repressed genes correlated with different levels of 
H2AK119ub (Figures 1B and 1D), we also aimed to discriminate between the catalytic-dependent and -
independent roles of PRC1. To accomplish this, we generated conditional PRC1 catalytic-inactive mice (K14-
Cre; Ring1a-/- Ring1bI53A/flox = I53A), in which the Ring1b gene carries an I53A point mutation that abrogates its 
E3-ligase activity and the associated establishment of H2AK119ub (Illingworth et al., 2015). IF and Western 
blotting studies confirmed the absence of RING1B in the postnatal day (P) 0 skin epithelium of 2KO, but not 
I53A mice, whereas H2AK119ub was absent from the skin epithelia of both mice (Figures S2A-S2C). 
Interestingly, H3K27me3 was slightly reduced in 2KO and I53A skin (Figure S2C), suggesting that PRC2 can 
establish H3K27me3 independently of PRC1, as has recently been described (Illingworth et al., 2015). 
Analyses of P0 I53A and 2KO mice revealed striking differences. While both mice lacked milk spots, 
2KO but not I53A mice had shiny skin and an open eyelid phenotype (Figure S2D). Hematoxylin and eosin (H 
& E) staining revealed that the epidermis of 2KO mice was thinner than that of control mice, whereas the 
epidermis of I53A mice was normal (Figures 2A, 2B, S2E, S3F, and S3G). IF analysis showed thinning of 
differentiated epidermal layers positive for KRT10 (Figure 2C) and loricrin (LOR) (Figure 2D) in 2KO, but not 
I53A epidermis. P0 2KO HFs were significantly shorter and had aberrant morphology compared to both control 
and I53A HFs (Figures 2A and 2E). IF analysis of AE15 (Figure S2F) and AE13 (Figure 2F), markers of 
differentiated layers of HFs, showed their absence in 2KO HFs, but not in control or I53A HFs. 
In developing HFs, HF-SCs are specified and can be visualized by the expression of transcription 
factors NFATc1 and SOX9, which are critical regulators of HF-SC quiescence and maintenance, respectively 
(Horsley et al., 2008; Kadaja et al., 2014). Strikingly, IF analysis revealed that while NFATc1-positive (+) and 
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SOX9(+) cells were present in control and I53A HFs, they were practically absent in 2KO HFs (Figures 2G and 
2H). To further test if 2KO HF-SCs are aberrantly formed, we analyzed the formation of sebaceous glands, HF 
appendages that are specified from SOX9(+) HF-SCs during development and are fully functional postnatally 
(Nowak et al., 2008). Since I53A and 2KO mice die shortly after birth, in order to analyze the complete 
development of HFs, we performed full-thickness grafts of 2KO, I53A, and control skins onto the backs of 
recipient Nude mice (Figure S2G). Fourteen days after engraftment (P14), 2KO HFs were short, and lacked 
hair shafts and sebaceous glands, in comparison to I53A and control HFs, which were fully developed (Figures 
S2H and S2I). To test whether HF-SC are specified in 2KO skin, we analyzed the potential of these mice to 
repair wounds, as in response to injury, HF-SCs are known to contribute to epidermal wound repair (Nowak et 
al., 2008). To analyze wound repair, we performed a split-thickness grafting assay, in which the dermis and 
HFs from a P0 mouse are enzymatically separated from the epidermis and grafted onto the back of a Nude 
recipient mouse (Nowak et al., 2008) (Figure 2I). Fourteen days after engraftment, control and I53A grafts re-
epithelialized the epidermis and formed hairs, whereas in 2KO grafts, wounds were still apparent and no HF 
formation was observed (Figure 2J). Importantly, re-epithelialized 2KO epidermis was positive for H2AK119ub 
(Figure 2K), indicating that the Nude epidermis, rather than 2KO HF-SCs, repaired the wound. In contrast, re-
epithelialized epidermis in I53A grafts lacked H2AK119ub, confirming that the new epidermis was established 
by I53A HF-SCs (Figure 2K). Together, these analyses show that the PRC1 complex, rather than its catalytic 
activity, is grossly required for epidermis and HF development, and the establishment of functional HF-SCs. 
 
PRC1 global activity is required for skin epithelium development independently of Ink4a/Arf repression 
We did not observe any changes in apoptosis in 2KO or I53A skins (Figures S3A and S3H). 
Interestingly, while the proliferation of epidermal progenitors in 2KO and I53A was indistinguishable from that 
of controls, the proliferation of I53A and 2KO HF cells was reduced (Figures S3B-S3E, S3I and S3J). PRC1 is 
known to repress the Ink4a/Arf locus (Bracken et al., 2007; Jacobs et al., 1999; Xie et al., 2014), which 
encodes a cell cycle inhibitor, INK4A, and a pro-apoptotic protein, ARF (Serrano et al., 1996). We confirmed 
that the Ink4a/Arf genes are targets of PRC1-mediated repression in control, but not 2KO skin epithelium by 
performing H2AK119ub ChIP, followed by qPCR (ChIP-qPCR) analysis of Ink4a and Arf (Figure S3K). 
Additionally, by performing reverse transcription followed by qPCR (RT-qPCR) analysis, we show that Ink4A 
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and Arf are upregulated in 2KO HF cells compared to I53A and control cells (Figure S3L). To test if the 
observed alterations in 2KO mice were due to activation of the Ink4a/Arf locus, we crossed 2KO with Ink4a/Arf-
null mice (Serrano et al., 1996) to generate 3KO mice. Histological and IF analyses demonstrated that the 
epidermal and HF alterations observed in 2KO skins were still present in 3KOs (Figures S3M-S3T), indicating 
that the 2KO phenotype is largely independent of Ink4a/Arf upregulation. 
PRC1 global and catalytic repressive functions fine-tune the expression of silenced and active genes 
To gain insight into the molecular mechanisms underlying the observed phenotypic alterations, we 
performed RNA-seq on FACS-purified P0 control, I53A, and 2KO samples enriched for epidermal progenitors 
or HF cells (Jensen et al., 2010). We observed 1,141 vs. 682 upregulated genes in 2KO and I53A epidermal 
progenitors, respectively, and 990 vs. 479 upregulated genes in 2KO and I53A HF cells, respectively, 
compared to their corresponding controls (Figures 3A, S4A, and Tables S2, and S3). There was significant 
overlap in genes upregulated in I53A and 2KO cells; however, a large number of the genes upregulated in 2KO 
but not I53A was observed (Figures 3B and S4B). This suggests that both catalytic-dependent and -
independent PRC1 activities provide critical layers of gene repression. Intriguingly, we also observed a large 
number of genes that were downregulated in 2KO, but not in I53A cells (Figures 3A, S4A, and Tables S2, and 
S3). We will return to these later. 
By merging RNA-seq with ChIP-seq data, we observed that about 60% of upregulated genes were 
direct targets of RING1B and H2AK119ub (Figure 3C). ChIP analyses of I53A epidermal progenitors showed 
that RING1B remained globally bound to the genome (Figure S4C) and, importantly, to the genes that were 
upregulated in I53A cells (Figures S4D, S4J, and Table S2), whereas H2AK119ub was depleted at these 
genes (Figure S4E). This suggests that other global functions of PRC1 are maintained despite the loss of its 
catalytic activity. Genes upregulated in either I53A or 2KO cells were found in all four RING1B-bound clusters 
(Figure S4F) and the expression of these genes in control epidermal progenitors ranged from silenced/not 
expressed to lowly expressed (Figure S4G). Among the upregulated genes, we identified genes of non-skin 
lineages, as well as Merkel cell lineage genes (Figure 3D); these genes are normally repressed in epidermal 
progenitors (Table S1). We also identified epidermal genes that are lowly expressed in control epidermal 
progenitors (clusters 3 and 4) but are upregulated in 2KO or I53A cells (Figure 3D). Interestingly, some of 
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those genes are epidermal lineage genes known to promote either the proliferation or differentiation of 
epidermal cells. Collectively, these data show that PRC1 functions to repress unwanted lineage genes and 
attenuate the expression of epidermal lineage genes. 
Loss of PRC1’s catalytic activity recapitulates the PRC2-null Merkel cell phenotype 
Further analysis of genes marked by H2AK119ub and upregulated in 2KO or I53A cells revealed that 
more than 70% of these genes were co-targeted by the PRC2-dependent H3K27me3 histone mark in control 
cells (Figure 3E). Remarkably, many of these upregulated genes were expressed in control cells (clusters 3 
and 4) and had low, yet appreciated levels of H3K27me3 present around their transcriptional start sites (TSS) 
(Figure S4H). This indicates that PRC1 and PRC2 cooperate to repress silenced genes and attenuate the 
expression of active genes. Consistent with recent ESC studies (Illingworth et al., 2015), RING1B’s catalytic 
activity and the lack of H2AK119ub affected PRC2’s gene targeting, as we observed marked reductions in the 
global binding of PRC2’s core subunit SUZ12 (Figure 3F) and H3K27me3 deposition (Figures S2C and S4I) in 
I53A epidermal progenitors compared to control cells. Importantly, the levels of SUZ12 and H3K27me3 were 
also drastically decreased at genes that were upregulated in I53A cells (Figures S4J-S4L). We next 
rationalized that if PRC1’s catalytic activity is necessary to maintain intact PRC2 chromatin binding, then I53A 
mice should recapitulate the skin phenotypes observed in mice lacking PRC2 in epidermal progenitors. We 
recently reported that in Suz12 conditional knockout mice (Suz12 cKO), in which essential PRC2 subunit 
SUZ12 is ablated in embryonic epidermal progenitors, there is an increase in the number of Merkel cells 
(Dauber et al., 2016). Indeed, by performing IF analysis of Merkel cell markers KRT8 and SOX2 (Perdigoto et 
al., 2016), we observed a drastic increase in the number of Merkel cells in I53A skins compared to control 
skins (Figures 3G and 3H). Together, our data show that while the catalytic activity of PRC1 seems to be 
dispensable for the gross development of mouse skin, it is critical for maintaining proper PRC2 gene binding 
and repressing non-skin and Merkel cell lineage genes in epidermal progenitors. 
 
Global and catalytic activities of PRC1 can repress genes independently of PRC2 
 As our data show that PRC1 catalytic activity maintains PRC2 binding, we next asked whether or not 
PRC1’s gene repressive role is dependent on PRC2. We thus selected genes targeted by both PRC1 and 
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PRC2 and analyzed their expression in Eed cKO, I53A, and 2KO epidermal cells compared to controls. We 
observed two categories of genes. In the first category, we observed genes upregulated in both Eed cKO and 
2KO epidermal cells (Figure 3I). Some of these genes were also upregulated in I53A cells (Figure 3I). We 
concluded that the genes of the first category require PRC1’s global or catalytic activity, as well as PRC2 for 
their repression. In the second category, we identified genes that are upregulated in 2KO and/or I53A cells, but 
not in Eed cKO cells (Figure 3I), suggesting that the repression of these genes depends on PRC1 activity, but 
is maintained in the absence of PRC2. Probing deeper, we found that genes upregulated in both 2KO and I53A 
cells remained bound by RING1B the despite loss of H2AK119ub in I53A cells (Figures 3J- 3L, and S4J). 
Taken together, our data show that gene repression can be maintained through either PRC1/2-dependent or 
PRC1-dependent, PRC2-independent mechanisms. We also show that PRC1’s catalytic activity alone can 
repress genes. 
 
PRC1 binding positively regulates the expression of key skin developmental genes 
 We next revisited our RNA-seq data to analyze genes that were downregulated in 2KO and I53A cells. 
While 452 genes were downregulated in 2KO epidermal progenitors, only 73 genes were downregulated in 
I53A cells (Figures 3A, 4A and Table S2). GO analysis showed that among genes downregulated in 2KO 
populations were genes related to epithelium and epidermis development (Figure 4B and Table S2). By 
performing RT-qPCR analysis, we confirmed the RNA-seq finding and showed that while the expression of 
these genes was significantly reduced in 2KO cells, their expression was largely unaffected in I53A cells 
(Figure 4C). Importantly, among 2KO downregulated genes, our analysis revealed key epidermal signature 
genes and transcription factors, including Satb1, Pou3f1, Ascl2, Ahr, Jun, and Grhl2 (Figure 4C), which were 
shown to have critical roles in epidermal development and function (Andersen et al., 1997; Chen et al., 2012; 
Fessing et al., 2011; Haas et al., 2016).  
By matching our RNA-seq data with ChIP-seq data for RING1B, we observed that over 20% of 
downregulated genes were bound by RING1B. The majority of these downregulated genes with significant 
RING1B binding were in clusters 3 and 4 (Figure S5A), in which the levels of active histone marks were high 
and the level of PRC2-dependent H3K27me3 was low (Figure 1B). Comparing the levels of H3K27me3 in 
upregulated and downregulated genes in 2KO epidermal cells revealed that downregulated genes had 
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significantly lower levels of H3K27me3 compared to upregulated genes (Figure S5B). ChIP-qPCR analysis 
confirmed the ChIP-seq data and showed the presence of RING1B and H3K27ac (Figures 4D- 4F), as well as 
low levels of H3K27me3 and H2AK119ub at the promoter regions of these genes (Figures S5C and S5D). 
ChIP-qPCR for PRC1 subunits RYBP and BMI1 showed RYBP binding to these genes and BMI1 co-binding to 
a subset (Figures S5E and S5F), confirming that PRC1/RING1B works as a complex to promote gene 
expression in epidermal progenitors. 
Analysis of HF cells also revealed that while 477 genes were downregulated in 2KO, only 71 genes 
were downregulated in I53A HF cells (Figures 4G, S4A and Table S3). GO analysis showed that among genes 
downregulated in 2KO populations were genes related to cell cycle, skin epithelium and HF development 
(Figure S5G and Table S3). By performing RT-qPCR analysis, we confirmed the RNA-seq data and showed 
that critical genes essential for HF development and homeostasis were downregulated in 2KO cells compared 
to control or I53A cells (Figure 4H). These included ORS genes, such as Vdr, Lgr5, and Nfib, HF matrix genes, 
including Shh, Hoxc13, and Msx2, and HF-SC genes, such as Nfatc1 and Lrig1 (Rezza et al., 2016). 
Concurrent with the observed decreased expression of Shh in 2KO HF matrix cells (Figure 4H), the expression 
of SHH signaling-responsive genes was also decreased in 2KO epidermal progenitors (Figure 4C). This was 
not due to changes in WNT signaling (Figures S5K and S5L), a known upstream regulator of SHH signaling in 
the developing skin. As recent studies showed that epidermal SHH signaling is required for Merkel cell 
specification (Perdigoto et al., 2016), we thus analyzed whether 2KO mice exhibit defective Merkel cell 
formation. Indeed, IF analysis of Merkel cell markers KRT8 and SOX2 showed a drastic reduction in the 
number of Merkel cells in 2KO compared to control skins (Figure S5M). The observed phenotype was not due 
to apoptosis (Figure S5N). Furthermore, we revealed a drastic reduction in the expression of Atoh1 (Figure 
S5O), a critical early differentiation Merkel cell transcription factor. These data are intriguing, as they reinforce 
the observed gross phenotypic differences in mice with global epidermal loss of the PRC1 complex (2KO) 
versus mice with loss of its catalytic activity (I53A), in which an increase in the number of Merkel cells was 
observed (Figures 3G and 3H). 
 We next isolated HF-SC, ORS, and matrix cells as previously described (Wang et al., 2013) and 
subjected the purified cells to ChIP with antibodies against RING1B, H3K27ac, H3K27me3, and RYBP. Similar 
to our analysis of epidermal progenitors, ChIP-qPCR revealed the presence of RING1B around the 
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promoter/enhancer regions of critical HF-SC, ORS, and matrix genes (Figures 4I-4L), all of which we found to 
be downregulated in 2KO HFs (Figure 4H and Table S3). Additionally, H3K27me3 was absent (Figures S5H-
S5J), whereas the H3K27ac histone mark was present at the promoters of these genes (Figures 4J-4L). RYBP 
was also present at the promoters of most genes (Figures S5H-S5J). Overall, we concluded that a 
PRC1/RING1B complex binds to and promotes the expression of critical epidermal and HF developmental 
genes. 
To further test the direct role of PRC1 in promoting gene expression, we established K14-CreER; 
Ring1a-/- Ring1bflox/flox epidermal progenitor culture, in which Ring1b can be knocked out by 4-
Hydroxytamoxifen (4-OHT) treatment. Treatment with 4-OHT led to a gradual reduction in the levels of 
RING1B protein and its corresponding H2AK119ub histone mark (Figure 5A). Concomitant with the decrease 
in RING1B global protein level, we observed a gradual reduction in RING1B binding to its target genes, which 
in turn correlated with changes in gene expression (Figures 5B and 5C). Indeed, we observed a gradual 
reduction in the expression of RING1B target genes that we found to be downregulated in vivo in 2KO 
epidermal cells (Figures 4C and 5C). Similar patterns were observed for genes repressed by PRC1, which 
became gradually upregulated (Figure S6A and S6B). To further establish the direct role of RING1B as a 
positive regulator, we overexpressed wild type and catalytic-inactive RING1B in wild type epidermal 
progenitors (Figure 5D) and observed an increase of RING1B binding to its target genes and an upregulation 
of target gene expression (Figures 5E and 5F). Taking these data together, we concluded that RING1B directly 
binds to and promotes the expression of many genes in epidermal progenitors independently of its catalytic 
activity. 
 
cPRC1 and ncPRC1 complexes co-regulate skin development and skin stem cell specification 
 Interestingly, the different PRC1 complexes have been shown to differ in their genomic localizations in 
vitro, with only small overlap between different PCGF subunits (Gao et al., 2012). However, genome-wide 
targeting of these complexes in somatic SCs in vivo as well as their functional roles in tissue regulation and SC 
control is largely unknown. 
 To gain insight into the genomic localization of cPRC1 and ncPRC1 complexes in epidermal 
progenitors in vivo, we next performed ChIP-seq analyses of BMI1(PCGF4) (cPRC1.4 and ncPRC1.4), CBX8 
	 13	
(cPRC1.2 or cPRC1.4), RYBP (ncPRC1.1-PRC1.6), KDM2B (ncPRC1.1), and L3MBTL2 (ncPRC1.6). In 
particular, we investigated how these PRC1 components co-localized with RING1B by analyzing their ChIP-
seq signals across the RING1B peak clusters described in Figure 1A. Our analysis revealed that BMI1 
(PCGF4) and CBX8 were mainly present at RING1B-bound regions of clusters 1 and 2, whereas L3MBTL2 
was present at RING1B-bound regions of clusters 3 and 4 (Figure 6A, 6B). RYBP and KDM2B, however, had 
more widespread binding across all four RING1B-bound clusters, but generally at a higher level in clusters 3 
and 4 (Figures 6A, 6B). This difference became more apparent when the ChIP-seq signals of these PRC1 
components were averaged over peaks in each of the four clusters, with the differences ranging from 2 to 6 
fold (Figure S7A). 
We analyzed which PRC1 complexes bind to genes that change their expression in 2KO cells. We thus 
selected genes that were upregulated in 2KO cells compared to control (2KO-up), suggesting a repressive role 
of PRC1 in the regulation of their expression. We also selected genes that were downregulated in 2KO 
epidermal progenitors (2KO-down), suggesting that PRC1 functions to promote the expression of these genes. 
By performing ChIP-qPCR in control epidermal progenitors, we detected binding of RYBP, a general subunit of 
all ncPRC1 complexes, to both gene classes (Figure 6C). Similarly, PCGF1 and KDM2B, subunits of 
ncPRC1.1 complex, were bound to both 2KO-up and 2KO-down genes (Figure 6D). Interestingly, 
BMI1(PCGF4) and CBX8, subunits of cPRC1.4 complex, were largely present at 2KO-up genes, whereas 
PCGF6 and L3MBTL2, subunits of the ncPRC1.6 complex, were present at 2KO-down genes (Figures 6E and 
6F). These findings are consistent with our global analysis (Figure 6A). From these results, we concluded that 
cPRC1 complexes primarily target inactive, PRC1-repressed genes, while ncPRC1 complexes have more 
widespread binding and are present at both active and inactive genes. Importantly, genes downregulated in 
2KO epidermal cells are co-targeted by different ncPRC1 complexes, suggesting a redundant role of these 
complexes in promoting their expression. 
To explore the role of individual PRC1 complexes in the control of skin development and SC 
specification, we generated skin conditional Pcgf1-6 knockout mice, in which an individual Pcgf gene is ablated 
in epidermal progenitors by crossing Pcgf flox/flox mice with K14-Cre mice. Due to reported functional 
redundancy between the close homologs Pcgf2 and Pcgf4, as well as between Pcgf3 and Pcgf5 (Akasaka et 
al., 2001; Almeida et al., 2017), we also generated Pcgf2/4 cKO and Pcgf3/5 cKO mice. Western blotting 
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analysis of epidermal cells isolated from P0 Pcgf1 cKO, Pcgf2/4 cKO, Pcgf3/5 cKO, and Pcgf6 cKO mice 
confirmed the specific ablation of the PCGF protein targeted by Cre-mediated deletion (Figures S7B-E). 
Interestingly, loss of Pcgf2/4 resulted in a decreased level of RING1B while no changes in H2AK119ub level 
were observed, while loss of Pcgf3/5 resulted in decreased level of H2AK119ub mark (Figures S7C-S7G). We 
thus concluded that Pcgf3/5-containing ncPRC1 complexes are responsible for the deposition of the majority of 
H2AK119ub in the skin epithelium. Additionally, we observed only minimal overlap between RING1B binding 
and the accessory PCGF3/5 subunit AUTS2 (Table S4), suggesting that the majority of ncPRC1.3/5 in 
epidermal progenitors lack AUTS2. 
Analysis of the epidermis of P0 Pcgf1 cKO, Pcgf2/4 cKO, Pcgf3/5 cKO, and Pcgf6 cKO mice compared 
to controls did not reveal any gross abnormalities, changes in thickness, or expression of epidermal 
differentiation markers KRT10 and LOR (Figures 6G, 6H, S7H and S7I). Similarly, no gross changes in HF 
formation or length were detected (Figures 6G and 6I). All knockout HFs expressed proper HF differentiation 
markers, AE13 and AE15, and contained SOX9(+) and NFATc1(+) cells, suggesting that the HF-SC 
compartment was appropriately specified (Figures 6J and S7J-L). This is different from the phenotype 
observed in 2KO mice, in which drastic changes in the formation of the epidermis and HFs were observed 
(Figures 2A-H). Notably, we observed an increase in the number of KRT8(+) Merkel cells in Pcgf2/4 cKO skins 
(Figure 6K). Combining our biochemical and genetic analyses of different PRC1 complexes, we concluded that 
cPRC1 complexes function to repress the Merkel cell lineage, whereas different ncPRC1 complexes function 
redundantly to control the formation of the epidermis and HFs, and the specification of HF-SCs. 
Discussion 
Here we provide the first systematic analysis of PRC1 complexes in a mammalian SC system in vivo.  
Our data reveal diverse roles for Polycomb complexes in skin development and skin SC control. We show that 
in epidermal progenitors, PRC1 and PRC2 function together to silence non-epidermal and Merkel cell lineage 
genes, and to attenuate the expression of pro-proliferation and differentiation genes. Our data also reveal that 
PRC1 can function independently of PRC2 to promote the expression of genes that are critical for the 
development of the epidermis and HFs, and for the establishment of functional HF-SCs. Finally, we dissect the 
importance of cPRC1 and ncPRC1 complexes in the regulation of skin development, and highlight critical and 
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previously unappreciated roles for ncPRC1 complexes in tissue development. Together, our data reveal critical 
fine-tuning roles by which Polycomb complexes control the development of a mammalian tissue that is 
essential for our survival, the skin. 
One of the hallmarks of PRC1 activity is the establishment of H2AK119ub (Simon and Kingston, 2009; 
Wang et al., 2004). Interestingly, the importance of PRC1’s catalytic activity and the establishment of 
H2AK119ub for its repressive functions has been debated. In ESCs, RING1B is capable of repressing genes in 
the absence of its catalytic activity, whereas in Ring1b-null ESCs, there is a massive derepression of genes 
(Illingworth et al., 2015). Moreover, in vivo studies showed that RING1B’s catalytic activity is dispensable for 
early embryonic development, whereas Ring1b-null mice die during gastrulation (Illingworth et al., 2015; 
Voncken et al., 2003). In line with findings in ESCs and mouse embryos, PRC1 repression of canonical 
Polycomb targets is maintained in catalytic-inactive PRC1-mutant Drosophila (Pengelly et al., 2015). In 
contrast to these studies, our work clearly shows that PRC1’s catalytic activity is important for robust gene 
repression in epidermal progenitors. Importantly, in developing skin, loss of the catalytic activity of PRC1 leads 
to derepression of Merkel cell lineage differentiation genes and results in the formation of ectopic Merkel cells. 
We thus identified a precise functional role for PRC1’s catalytic activity in a somatic tissue. 
ESC studies recently showed that the catalytic activity of PRC1 is important for recruiting PRC2 to 
chromatin, and that loss of PRC1’s catalytic activity leads to impaired deposition of H3K27me3 (Cooper et al., 
2014; Illingworth et al., 2015). In I53A epidermal progenitors, the binding of PRC2 subunit SUZ12 and the 
levels of H3K27me3 were reduced, but still present at the chromatin. Consistent with these molecular findings, 
we observed similarities between the skin phenotypes that occur upon loss of PRC2 and upon loss of PRC1 
catalytic activity. During embryogenesis, both PRC2-null and I53A mice exhibited normal gross epidermal and 
HF development, and showed similar ectopic Merkel cell formation. 
However, despite the observed strong interplay and overlap between PRC1 and PRC2 in epidermal 
progenitors, our data clearly show that in the skin, the effects of complete loss of PRC1 (2KO mice) strikingly 
differ from those seen upon loss of PRC1 catalytic activity or the previously reported loss of PRC2 core 
subunits (Dauber et al., 2016; Ezhkova et al., 2011; Ezhkova et al., 2009). While the development of the 
epidermis and HFs was apparently intact in I53A and PRC2-null newborn mice, 2KO mice exhibited impaired 
skin epithelium development, and loss of Merkel cells and HF-SCs. Similar findings in phenotype severity were 
	 16	
recently reported in the adult mouse system, in which PRC1 functioned redundantly over PRC2 in the control 
of intestinal SC self-renewal (Chiacchiera et al., 2016a; Chiacchiera et al., 2016b).  The observed phenotypic 
differences, however, are unlikely to stem only from the differential bindings of PRC1 and PRC2 complexes. 
Indeed, we showed that for a subset of genes that are co-bound by PRC1 and PRC2, loss of PRC1 led to 
derepression of these genes, while no marked changes in their expression were observed upon loss of PRC2. 
It is thus plausible to hypothesize that even upon co-targeting, PRC1 can sufficiently repress genes 
independently of PRC2, via catalytic-dependent and -independent mechanisms. Additionally, our findings also 
reinforce differences in the requirement for the global vs. catalytic activities of PRC1 for skin development. 
 The abundant literature on PRC1 is largely focused on the repressive roles of PRC1 in gene control. 
However, recent profiling of RING1B in ESCs and leukemic cells showed its binding to active genes (Kloet et 
al., 2016; van den Boom et al., 2016), but the functions of RING1B and PRC1 at these genes are yet unknown. 
Here, we show that in epidermal progenitors, PRC1 core subunit RING1B is present at transcriptionally active 
genes, where it can have either repressive or activating roles. At some active genes, PRC1 cooperates with 
PRC2 and attenuates gene expression, as loss of PRC1 leads to the upregulation of expression of these 
genes. We found that these genes typically have low, yet notable levels of H3K27me3 around their TSS. At 
other active genes, ncPRC1 binds in the absence of the H3K27me3 histone mark, and these genes typically 
have relatively lower levels of H2AK119ub. These genes include the master developmental regulator Shh, and 
critical SC regulators, such as Nfatc1, Lgr5, Ascl2, and Jun, which are also known to have important roles in 
other tissues, SCs, and/or cancers (Goodell et al., 2015; Hui et al., 2007; Singh et al., 2015). In these cases, 
PRC1 functions to promote the expression of these genes, as loss of PRC1 leads to downregulation of their 
expression, while overexpression of Ring1b in vitro leads to increased RING1B binding around the TSS and 
upregulation of the same epidermal genes. Our studies thus show diverse roles of PRC1 in regulating the 
expression of active genes.  
By performing biochemical and genetic studies, we defined the roles of cPRC1 and ncPRC1 complexes 
in the control of skin development and SCs. We show that subunits of cPRC1 complexes largely target 
repressed genes that also contain H2AK119ub and PRC2-dependent H3K27me3 histone marks. The analysis 
of mice lacking Pcgf2/4, essential cPRC1 subunits, in embryonic epidermal progenitors revealed an increase in 
the number of Merkel cells, a phenotype that is also observed in PRC1-catalytically inactive mutant skins and 
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PRC2-null skins. Our data thus show that cPRC1 and PRC2 function together to repress the Merkel cell 
lineage differentiation program in epidermal progenitors. 
Our profiling of genes targeted by subunits of ncPRC1 complexes revealed that they are present at 
both repressed and active genes. Moreover, we observed co-targeting of subunits of different ncPRC1 
complexes to the same genes. This is in contrast to reported in vitro studies, in which each PRC1 complex 
preferentially targets a discrete subset of genes (Gao et al., 2012). Our analysis of skin epithelium-conditional 
knockout mice, in which individual ncPRC1 complexes are ablated in epidermal progenitors, showed that none 
of these mutant mice could recapitulate the Ring1a/b 2KO phenotype, where drastic alterations in the 
formation of the epidermis and hair follicles, and in the specification of HF-SCs were observed. Nonetheless, 
the fact that proper skin development was maintained in the absence of cPRC1 complexes (Pcgf2/4 cKO) 
highlights the essential and previously unappreciated roles of ncPRC1 complexes in SC control and tissue 
development. Combining these genetic and biochemical data, we propose that ncPRC1 complexes have 
redundant functions in the regulation of skin development and skin SCs.  
Collectively, our studies show that PRC1 plays a critical role in skin epithelium development. It does so 
by fine-tuning the expression of both active and repressed genes, and thus regulates the balance between cell 
proliferation and differentiation. RING1B and H2AK119ub are abundant in the human epidermis and are 
localized similarly to what is seen in murine epidermis (Figure S7M). Alterations in the expression and/or 
function of Polycomb subunits have been identified in many human maladies, including cancers (Koppens and 
van Lohuizen, 2016; Sauvageau and Sauvageau, 2010). Our identified roles for Polycomb provide future 
avenues for investigating the ways in which the misregulation of Polycomb functions, through gene repression 
and/or activation mechanisms, can lead to tumorigenesis. 
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Figure legends 
Figure 1. Genome-wide analysis of PRC1 binding reveals enrichment at both active and repressed 
genes. (A) Overlap between RING1B, H2AK119ub, and H3K27me3 ChIP-Seq peaks in epidermal progenitors. 
(B) k-means clustering of ChIP-seq read densities across RING1B-peaks only, for duplicates of RING1B, and 
indicated histone modifications, with input signal subtracted. (C) Genomic distribution of RING1B peaks (D) 
Expression analysis of genes located near RING1B peaks in control epidermal progenitors. n=3. ***p<0.001; 
NS, not significant (one-way ANOVA with a Bonferroni post-hoc test). (E) IGV browser views of RING1B, 
H2AK119ub, H3K27me3, H3K27ac, RYBP, BMI1, and input for indicated representative genes for each 
RING1B-bound cluster. (F) Gene ontology (GO) analysis for RING1B target genes.  
See also Figure S1 and Table S1. 
Figure 2. Loss of PRC1 global, but not catalytic, activity leads to aberrant development of the 
epidermis and hair follicles (HFs), and failure to establish the HF stem cell (HF-SC) compartment. (A) 
Hematoxylin and eosin (H&E) analysis of P0 skins of Krt14-Cre; Ring1a-/- Ring1bI53A/flox (I53A; PRC1 catalytic-
inactive mutant), Krt14-Cre; Ring1a-/- Ring1bflox/flox (2KO; PRC1-null), and control mice. Scale=100µm. (B) 
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Quantification of epidermal thickness. n=3. (C-D) IF staining for epidermal differentiation markers KRT10 (C) 
and LOR (D). (E) Quantification of HF length. n=3. (F) IF staining for AE13. (G-H) IF staining for HF-SC 
markers NFATc1 (G) and SOX9 (H). (I) Schematic representation of split-thickness engraftment. (J) Gross 
appearance of grafted skins 14 days post-grafting (P14). (K) IF staining for H2AK119ub in P14 engrafted skins. 
Scale=25µm in figures 2C, D, F, G, H, and K. Data in figures (B and E) are presented as boxplots. ***p<0.001; 
NS, not significant (two-sided t test). 
See also Figures S2 and S3. 
 
Figure 3. PRC1 global and catalytic activities are required for Polycomb-mediated transcriptional 
repression. (A) Differential expression analysis of genes expressed in I53A vs. control (left) and 2KO vs. 
control (right) in FACS-enriched epidermal progenitor cells. Genes with absolute fold change ≥2 and FDR 
<0.05 were considered upregulated (red) or downregulated (green). (B) Overlap of significantly upregulated 
genes between I53A and 2KO epidermal cells. (C) Percentages of upregulated genes directly occupied by 
RING1B (left) or H2AK119ub (right). (D) RT-qPCR analysis of PRC1 target genes in FACS-enriched epidermal 
progenitors. n=3. (E) Proportion of H3K27me3-bound genes among H2AK119ub(+) upregulated genes. (F) 
SUZ12 ChIP-Seq signal across RING1B-enriched TSS (±5kb) in I53A mutant and control cells (G) Whole-
mount IF staining for KRT8 in P0 back skins. (H)  IF staining for Merkel cell markers KRT8 and SOX2 (left). 
Quantification of KRT8(+) Merkel cells is presented as boxplots (right). n=3. ***p<0.001 (two-sided t test) (I) 
Expression analysis of PRC1 and PRC2 target genes in control, I53A, 2KO, and Eed cKO cells. Data are mean 
±SEM.  (J) IGV browser views of RING1B in control and I53A epidermal cells for indicated genes. (K-L) ChIP-
qPCR for RING1B (K) and H2AK119ub (L) in I53A vs. control epidermal cells. n=3. Data in graphs (D, K, and 
L) are mean ±SEM. *p<0.05; **p<0.01; ***p<0.001 (two-sided t test). 
See also Figure S4 and Table S2. 
Figure 4. PRC1 is required for the expression of epidermal and hair follicle developmental genes.  (A) 
Overlap of significantly downregulated genes between I53A and 2KO epidermis. (B) GO analysis of 
downregulated genes in 2KO epidermis. Selected GO terms are in blue. (C) RT-qPCR analysis of critical 
epidermal genes in FACS-enriched 2KO and I53A epidermal cells. n=3. (D) IGV browser views of ChIP-seq of 
RING1B, H2AK119ub, H3K27me3, H3K27ac, H3K4me3, RYBP, and input for indicated genes in control 
epidermal progenitors. (E-F) ChIP-qPCR showing the binding of RING1B (E) and H3K27ac (F) in control 
epidermal progenitors. Data are mean ±SEM, n=2. (G) Overlap of significantly downregulated genes between 
I53A and 2KO HF cells. (H) RT-qPCR analysis of HF lineage genes in 2KO and I53A HFs. n=3. (I-L) ChIP-
qPCR showing the binding of RING1B and H3K27ac to HF lineage genes in HF-SCs (HF-SC; I-J), outer root 
sheath cells (ORS; K), and matrix/transient amplifying cells (Mx; L). Data are mean ±SEM, n=2. Data in graphs 
(C and H) are mean ±SEM. *p<0.05; **p<0.01; ***p<0.001 (two-sided t test). 
See also Figure S5 and Tables S2 and S3. 
 
Figure 5. RING1B binding positively regulates gene expression. (A-C) PRC1 loss-of-function analyses in 
K14-CreER; Ring1a-/- Ring1bflox/flox epidermal progenitor culture upon 4-OHT treatment. (A) Western blot 
showing changes in RING1B and H2AK119ub protein levels over time. (B) ChIP-qPCR showing changes in 
RING1B binding. Data are mean ±SEM, n=3. (C) RT-qPCR analysis of changes in the expression of RING1B 
target genes. Data are mean ±SEM, n=3. (D-F) Ring1b overexpression analyses in wild type epidermal 
progenitor culture. (D) RT-qPCR analysis of endogenous and total Ring1b mRNA. Data are mean ±SEM, n=5. 
(E) ChIP-qPCR showing changes in RING1B binding. n=3. (F) RT-qPCR analysis of changes in expression of 
RING1B target genes. n=5. Data in graphs (E and F) are mean ±SEM. *p<0.05; **p<0.01; ***p<0.001 (two-
sided t test). 
See also Figure S6. 
Figure 6. PRC1 complexes function redundantly in skin epithelium development. (A) Heatmap of ChIP-
Seq signals across RING1B-peaks for RING1B, H2AK119ub, H3K27me3, H3K27ac, BMI1, CBX8, RYBP, 
KDM2B, and L3MBTL2 in control epidermal progenitors, with input signal subtracted. (B) IGV browser views of 
RING1B, H3K27me3, H3K27ac, BMI1, CBX8, RYBP, KDM2B, L3MBTL2, and input for indicated genes. (C-F) 
ChIP-qPCR showing the binding of RING1B and RYBP (C), PCGF1 and KDM2B (D),BMI1 and CBX8 (E), and 
PCGF6 and L3MBTL2 (F) in control epidermal progenitors.  Data are mean ±SEM, n=2. Genes with absolute 
fold change ≥1.8 and false discovery rate (FDR) <0.05 in 2KO vs. control epidermal progenitor cells were 
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defined as differentially expressed.  (G-I) H&E analysis of P0 skins of Pcgf1 cKO, Pcgf2/4 cKO, Pcf3/5 cKO, 
and Pcgf6 cKO mice compared to controls. Note comparable epidermal thickness (G and H) and HF length (G 
and I). Quantifications presented in (H and I). n=3.  (J) IF staining for HF-SC marker SOX9. Scale=25µm.  (K) 
IF analysis of KRT8+ Merkel cell numbers. Note the increase in Merkel cells in Pcgf2/4 cKO skin compared to 
control. n=4. Scale=100µm in figures 6G and K. Data in figures (H, I and K) are presented as boxplots. 
***p<0.001; NS, not significant (two-sided t test). 
See also Figure S7 and Table S4. 
 
STAR METHODS 
CONTACT FOR REAGENT AND RESOURCE SHARING 
Further information and requests for resources and reagents should be directed to and be fulfilled by the Lead 
Contact, Dr. Elena Ezhkova (elena.ezhkova@mssm.edu). 
 
EXPERIMENTAL MODEL AND SUBJECT DETAILS 
Mice 
All mice were housed at the Center of Comparative Medicine and Surgery (CCMS), Icahn School of Medicine 
at Mount Sinai (ISMMS), in accordance with the Institutional Animal Care and Use Committee (IACUC) 
guidelines (Protocol number LA11-0020). Krt14-Cre and Krt14-CreERT mice were obtained from the Jackson 
Laboratories. Immunocompromised Nude (NU-Foxn1Nu) mice were obtained from Charles River. Ring1a-/-, 
Ring1bflox/flox, and Ring1bI53A were previously described (Cales et al., 2008; del Mar Lorente et al., 2000; 
Illingworth et al., 2015). Tissue-specific Krt14-Cre; Ring1a-/- Ring1bflox/flox and Krt14-Cre;  Ring1a-/- Ring1bI53A/flox 
mice die shortly after birth, and all analyses of these mice after P0 were done using skin grafting onto Nude 
mice, as previously described (Ezhkova et al., 2011). Eedflox/flox and Suz12flox/flox mice were generously provided 
by Weipeng Mu and Terry Magnuson (Mu et al., 2014). Krt14-RFP and Sox9-GFP reporter mice were 
previously described (Gong et al., 2003; Zhang et al., 2011). Krt10-H2B-GFP transgenic mice were generated 
by the Mount Sinai Mouse Genetics Shared Resource Facility from an ES cell line, in which the fluorescent 
GFP reporter is expressed under the control of an 8 kb fragment upstream of TSS of the human K10 promoter. 
Ink4a/Arf-/- mice were generously provided by Philippe Soriano (Serrano et al., 1996). Pcgf1flox/flox, Pcgf3flox/flox, 
Pcgf5flox/flox, and Pcgf6flox/flox mice were previously described (Almeida et al., 2017; Endoh et al., 2017). 
Bmi1(Pcgf2)flox/flox and Pcgf4flox/flox mice were generated in Haruhiko Koseki’s lab and will be discussed in a 
separate manuscript (M.N. and H.K., unpublished). Mice were genotyped by PCR using tail DNA that was 
extracted using DirectPCR Lysis Reagent, according to manufacturer’s instructions (Viagen Biotech Inc., Los 
Angeles, CA, USA). Primer sequences used for genotyping are available in Table S5. BrdU was administered 
(50µg per 1g of mouse weight) 4-5 hours before sacrifice.  
Cell culture 
Primary epidermal progenitors were derived from newborn K14-CreERT; Ring1a-/- Ring1bflox/flox and control 
mice and maintained in E media, supplemented with 15% serum and 0.3mM CaCl2, on mitomycin C treated 
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3T3 fibroblasts. After 21 days, epidermal progenitors were trypsinized and grown in E media supplemented 
with 15% serum and 0.05mM CaCl2. To conditionally delete Ring1b in K14-CreERT; Ring1a-/- Ring1bflox/flox 
culture experiments, cells were treated with 1µM 4-Hydroxytamoxifen (Sigma-Aldrich).  
 
METHOD DETAILS 
No randomization or blinding was performed in this study. Sample size is indicated in figure legends and 
statistical methods are indicated in the quantification and statistical analysis paragraph. 
 
Skin engraftment experiments 
Full thickness grafts were performed as previously described (Nowak et al., 2008). Briefly, P0 back skins from 
sex-matched mice were removed and placed onto the backs of anesthetized female Nude recipient mice. In all 
cases, paired control and I53A or 2KO skins were grafted onto a single Nude mouse.  Grafts were secured by 
sterile bandages, which were removed 12-13 days after grafting. Split-thickness grafts were performed as 
previously described (Nowak et al., 2008). For split-thickness grafts, back skins of P0 mice were placed with 
the dermis facing down in 5mM EDTA in 1x PBS for 1 hour at 37ºC. Prior to grafting, the epidermis was 
removed from the HF/dermis, which was then grafted using the same procedure as that used for full thickness 
grafts.    
 
Construction of Ring1b expression vectors  
The full length Ring1b coding sequence was PCR-amplified and cloned into a pGEM-T Easy vector (Promega; 
Madison,WI, USA). Point mutation of I53A in Ring1b was introduced into the wild type Ring1b construct using 
Phusion High-Fidelity DNA polymerase (New England Biolabs) by PCR amplification, followed by DpnI 
enzymatic digestion (New England Biolabs). These were then sub-cloned into the mammalian expression 
vector pHAGE-IRES-ZsGreen to generate pHAGE-Ring1b and pHAGE-Ring1bI53A expression vectors. Both 
constructs were sequenced to confirm their sequence and orientation. Primer sequences used for cloning are 
available in Table S5.   
 
Ring1b overexpression in primary epidermal progenitor culture 
For lentivirus production, HEK293T cells were transfected by calcium phosphate transfection with pHAGE-
IRES-ZsGreen plasmids, and helper plasmids psPAX2 and PMD2.G. psPAX2 and PMD2.G plasmids were a 
gift from Didier Trono (Addgene plasmids #12260 and #12259). Viral supernatant was collected 48 hours post-
transfection, and filtered through 0.45 µm filter. Lentiviral particles were concentrated by ultracentrifugation for 
2.5 hours at 25,000 rpm and the pellet was resuspended in cold E media. Control epidermal progenitors cells 
were then transduced with viral stock that expressed the pHAGE-Ring1bI53A, pHAGE-Ring1b, or a control 
pHAGE-IRES-ZsGreen empty vector, and supplemented with 4µg/ml polybrene (Sigma-Aldrich). Virus-
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containing media was replaced after 8 hours by fresh E media. GFPlow cells were selected by flow cytometry, 
expanded in culture, and then collected for ChIP-qPCR and RT-qPCR analyses.   
 
Fluorescence-activated cell sorting  
Basal layer epidermal progenitors were isolated from Krt14-RFP and Krt10-H2B-GFP newborn mice. Briefly, 
P0 back skins were collected and incubated for 4-6 hours in 1.26U/mL dispase (Invitrogen) at 4ºC. The 
epidermis was gently peeled from the underlying dermis, dissociated by 0.25% Trypsin with 2.21mM EDTA 
(Corning Cellgro; Manassas, VA, USA) and washed twice with 1x PBS. Cells were stained with 1:200 Sca1-
APC ((Biolegend; San Diego, CA, USA) for 30 minutes on ice and washed twice with 1x HBSS prior to cell 
sorting. Epidermal progenitors were sorted as SCA1(+),RFP(high), and GFP(-); differentiated epidermal 
suprabasal cells (SB) were collected as a control and sorted as SCA1(+),RFP(high), and GFP(+). For RNA and 
RNA-Seq analysis of control, Krt14-Cre Ring1a-/- Ring1bI53A/flox, and Krt14-Cre Ring1a-/- Ring1bflox/flox mice, 
newborn P0 back skins were collected and subjected to 0.25% collagenase digestion for 60 minutes at 37ºC 
with 80 rpm shaking, followed by 0.25% trypsin treatment for 15 minutes at 37ºC. The cell suspension was 
washed twice with 1x PBS, stained with 1:200 SCA1-PerCP-Cy5.5 (Biolegend), 1:100 α6-integrin-FITC 
(eBiosciences), and 1:200 EPCAM-APC (Biolegend) for 30 minutes on ice, and washed twice with 1x HBSS 
prior to cell sorting. Interfollicular epidermis, enriched for epidermal progenitors, was sorted as EPCAM(+), 
SCA1(+), and α6-integrin(high); hair follicle cells were sorted as EPCAM(+), Sca1(-), and α6-integrin(+).  For 
ChIP and ChIP-Seq analyses of control and Krt14-Cre Ring1a-/- Ring1bI53A/flox mice, P0 back skins were 
collected and incubated for 4-6 hours in 1.26U/ml dispase at 4ºC. The epidermis was gently peeled from the 
underlying dermis, dissociated by 0.25% trypsin, and washed twice with 1x PBS. Cells were stained with 1:200 
SCA1-PerCP-Cy5.5 (Biolegend), 1:100 α6-integrin-FITC (eBiosciences), and 1:200 EPCAM-APC (Biolegend) 
for 30 minutes on ice, and washed twice with 1x HBSS prior to cell sorting. Epidermal progenitor cells were 
sorted as EPCAM(+), Sca1(+), and α6-integrin(high). For hair follicle ChIP analysis, Krt14-RFP and Sox9-GFP 
P4.5 back skins were collected and incubated for 4-6 hours in 1.26U/mL dispase at 4ºC. The epidermis was 
gently peeled from the underlying dermis and the remaining dermis was dissociated with collagenase for 1 
hour at 37ºC and washed twice with 1x PBS, followed by low speed centrifugation at 20g for 5 minutes to 
enrich pellets for hair follicle cells. Pellets were then incubated with trypsin at 37ºC for 15 minutes to generate 
single cell suspensions of hair follicle cells, as previously described (Wang et al., 2013). Cells were stained 
with 1:200 SCA1-APC and 1:100 α6-integrin-APC-Cy7. Hair follicle Mx was sorted as SCA1(-), RFP(low), 
GFP(-), and α6-integrin(+); hair follicle ORS was sorted as Sca1(-), RFP(high), GFP(-), and α6-integrin(high); 
HF-SCs were sorted as SCA1(-), RFP(high), GFP(+), and α6-integrin(high). All cell isolations were performed 
on a FACS Influx instrument (BD, Franklin Lakes, NJ, USA) in the Flow Cytometry Core Facility at Icahn 
School of Medicine at Mount Sinai. 
      
Chromatin immunoprecipitation, ChIP-qPCR and library preparation 
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Chromatin immunoprecipitation (ChIP) was performed on FACS-sorted populations using materials and 
methods as previously described (Lien et al., 2011). A total of 0.4 x 106 cells was used for each histone mark 
per ChIP, and a total of 6 x 106 cells was used for each Polycomb subunit per ChIP.  Prior to cell sorting, cells 
were stained for viability using Zombie violet (Biolegend; San Diego, CA), then cross-linked using fresh 
solution with a final concentration of 1% formaldehyde (Thermo Fisher Scientific; Rockford, IL) for 10 minutes 
at room temperature. Crosslinking was stopped by the addition of Glycine (final concentration 125mM) for 5 
minutes of incubation at room temperature, followed by two washes with 1x PBS. Cells were incubated in lysis 
buffer 1 (50mM HEPES pH=7.5, 140mM Nacl, 1mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100, 
protease inhibitor cocktail (Roche)) for 10 min on ice, then incubated for 10 min with lysis buffer 2 (10mM Tris-
HCl pH=7.5, 200mM NaCl, 1mM EDTA, 0.5mM EGTA). Before ChIP, cells were resuspended in lysis buffer 3 
(10mM Tris-HCl pH=8.0, 200mM NaCl, 1mM EDTA, 0.5mM EGTA, 0.1% Na-deoxycholate, 0.5% N-
laurylsarcosine, 1% Triton X-100) and sonicated using a Bioruptor Sonicator (Diagenode, UCD-200) according 
to a 25x regimen of 30 seconds of sonication followed by 90 seconds of rest at 2.7ºC.  Chromatin was 
incubated overnight at 4ºC with antibodies as indicated in Table S5.  Dynal protein G magnetic beads 
(Invitrogen) were added the next day and incubated for 4 hours. The beads were sequentially washed with low 
salt, high salt, LiCl, and Tris-EDTA buffers for 10 minutes each at 4ºC. Bound chromatin was eluted and 
crosslinking was reversed by overnight incubation at 65ºC, followed by RNase A (Sigma-Aldrich) and 
proteinase K (Roche Diagnostics) treatments.  Samples were purified using ChIP DNA Clean and Concentrator 
kit (Zymo Research; Irvine, CA). Samples were analyzed by qPCR using LightCycler® 480 SYBR Green I 
Master Mix (Roche Diagnostics) on a Lightcycler 480 instrument (Roche). Primer sequences are available in 
Table S5. For high-throughput ChIP sequencing, libraries were constructed from 3ng of Purified DNA using the 
DNA SMART ChIP-Seq Kit (Clontech; Palo Alto, CA, USA) according to the manufacturer’s instructions. 
Constructed ChIP-seq libraries were sequenced on the Illumina HiSeq 4000 platform, and two biological 
replicates were used. 
   
RNA purification, RT-qPCR, and library preparation 
FACS-purified cells were collected directly into RLT Plus buffer (QIAGEN), and total RNA was isolated with the 
RNeasy Plus Micro Kit (QIAGEN). Complimentary DNA was reverse-transcribed from total RNA using qScript 
cDNA SuperMix (Quanta Biosciences, Gaithersburg, MD, USA) according to the manufacturer’s instructions. 
Samples were analyzed by RT-qPCR using LightCycler® 480 SYBR Green I Master Mix (Roche Diagnostics) 
on a Lightcycler 480 instrument (Roche). Results were normalized to Ppib mRNA levels. Primer sequences are 
available in Table S5.  Prior to library construction, sample quality was measured using an Agilent Bioanalyzer, 
and samples with RNA integrity numbers > 8 were used. 10ng of RNA were reverse transcribed and amplified 
using the Ovation RNA-seq System V2 (Nugen). Libraries were constructed from 100ng of sonicated cDNA 
(Covaris) using the Ovation Ultra Low DR Multiplex system (Nugen). The concentration and quality of the 
libraries were determined using Qubit (Invitrogen) and Bioanalyzer (Agilent). Constructed RNA-seq libraries 
were sequenced on the Illumina HiSeq 2500 platform, obtaining 100-nucleotide single reads. 
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Western Blotting 
P0 back skins were collected and incubated for 4-6 hours in 1.26U/ml dispase (Invitrogen) at 4ºC. The 
epidermis was gently peeled from the underlying dermis, dissociated by 0.25% Trypsin (Corning Cellgro), and 
washed twice with 1x PBS. Total cell lysate was prepared by addition of EZ lysis buffer (60mM Tris-HCl 
pH=6.8, 10% glycerol, 2% SDS) for 10 minutes at 95ºC.  Samples (50 µg) were run on 12% SDS-PAGE, 
transferred to PVDF membranes, and analyzed with the indicated antibodies (Table S5).  
Immunohistochemistry  
Formalin fixed paraffin-embedded 5µm sections of normal human skin were obtained from IHC World Tissue 
Bank (IHC world, Woodstock, MD, USA). Sections were deparaffinized in xylene, rehydrated in decreasing 
concentrations of ethanol, and treated with 3% H2O2 in methanol for 10 min. Tissues were then subjected to 
antigen retrieval with 10mM citrate buffer pH=6.0, and stained with rabbit anti-RING1B antibodies (1:250), 
rabbit anti-H2AK119ub antibodies (1:500), or control rabbit IgG antibodies for 1 hour at room temperature. The 
slides were then incubated with secondary anti-rabbit conjugated to HRP using the VECTRASTAIN ABC kit 
according to the manufacturer’s instructions (Vector Laboratories, Burlingame, CA, USA), and the staining was 
developed using the DAB peroxidase substrate kit (Vector Laboratories). To identify nuclei, slides were briefly 
counterstained with hematoxylin.   
Immunofluorescence staining and microscopy 
Back skin tissues were collected from mice, embedded in OCT compound (Tissue-Tek, Torrance, CA, USA), 
and subsequently cut into 7µm sections using a Leica Cryostat. Slides were then pre-fixed in 4% PFA for 
10min at room temperature and blocked overnight at 4ºC in blocking solution (1x PBS supplemented with 0.1% 
Triton X-100, 1% BSA, 0.25% normal donkey serum, 0.01% gelatin). Primary antibodies were diluted in 
blocking solution and incubated for 1 hour, followed by 1-hour incubation with secondary antibodies. Slides 
were counterstained with DAPI to visualize nuclei. Whole-mount immunofluorescence was performed as 
previously described (Perdigoto et al., 2016). Briefly, back skins were collected from newborn mice and placed 
in 1.26U/mL dispase for 4 hours at 4ºC. The epidermis was gently peeled from the underlying dermis and fixed 
in 4% PFA for 1 hour at 4ºC. Skins were blocked for 2 hours at room temperature and incubated with primary 
antibodies overnight at 4ºC, followed by incubation with secondary antibodies for 2 hours at room temperature. 
TUNEL apoptosis detection assay was performed using the In Situ Cell Death Detection Kit, Fluorescein 
(Roche). All antibodies and dilutions are available in Table S5. Slides were imaged using a Leica DM5500 slide 
microscope using 5x, 10x, or 20x objectives.  
 
QUANTIFICATION AND STATISTICAL ANALYSIS 
ChIP-Seq analysis and data visualization 
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ChIP-seq reads were trimmed by 3 bases at the 5’ end using Trim Galore (v0.4.1; 
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) prior to alignment, as recommended by the 
ChIP kit manufacturer. The trimmed reads were then aligned to the mm10 reference genome using either 
bowtie (v1.1.1, for samples of 50bp read length; http://bowtie-bio.sourceforge.net/index.shtml) or bowtie2 
(v2.2.3, for samples of 100bp read length; http://bowtie-bio.sourceforge.net/bowtie2/index.shtml). Only uniquely 
aligned reads were kept for downstream analysis, with duplicate reads removed by the Samtools software 
v0.1.19 (Li et al., 2009). The aligned reads were also filtered for ChIP kit specific artifacts 
(https://github.com/dzhaobio/SMARTcleaner). Peaks from RYBP, BMI1, CBX8, KDM2B, L3MBTL2, and 
AUTS2 ChIP-seq were called using the MACS2 software (v2.1.0; https://github.com/taoliu/MACS) with inputs 
serving as controls, and default settings. Peaks (mostly broad) in H3K27me3, H2AK119ub1, and RING1B were 
called as previously described (Goldberg et al., 2010). Peaks called from the two biological replicates were 
merged to generate a union list of peaks, because nearly all peaks called from one replicate also exhibit strong 
signals in the other replicates (as shown in Fig 1B and 6A), indicating the “replicate-specific” peaks were a 
result of thresholding by software. For example, the RING1B peaks from the two replicates show >80% overlap 
and a Pearson’s correlation coefficient of 0.99 (based on ChIP-seq read densities in the union peaks). As such, 
we took the union of the peaks called from the two replicates as our final peaks. Peaks were classified as 
promoter (within 2kb of transcription start sites), gene body (within a gene), distal (<50kb from genes), or 
intergenic peaks, based on their chromosomal distances to a reference gene. To cluster Ring1b peaks, we 
randomly sampled 5 million reads from each of the ChIP-seq samples and used them as inputs to the 
seqMINER v1.3.4 (Ye et al., 2011) for K-means clustering analysis. The read density matrix (+/- 5kb from the 
RING1B peak centers) from the seqMINER was imported to the R package pheatmap for drawing heatmaps, 
with signal of input subtracted. When we counted the numbers of genes in each cluster, we associated a gene 
to the cluster to which its largest peak was mapped, for a gene with multiple peaks. To visualize ChIP-seq 
signal at individual genomic regions, we used the Integrative Genomics Viewer (IGV; 
http://software.broadinstitute.org/software/igv/) and TDF files from the igvtools (v2.3.57; 
https://software.broadinstitute.org/software/igv/igvtools).  
 
RNA-Seq analysis and data visualization  
RNA-seq reads were aligned to the mouse reference genome (mm10) using Tophat (v2.0.13; 
https://ccb.jhu.edu/software/tophat/index.shtml) gene models of Refgene were downloaded from the UCSC 
genome browser on March 13, 2017. FPKM (Fragments Per Kilobase of transcript per Million mapped reads) 
values were generated using cufflinks (v2.2.1; http://cole-trapnell-lab.github.io/cufflinks/). Lowly expressed 
genes (mean FPKM values < 1 in both groups under comparison) were excluded from differential expression 
analysis. We analyzed read counts from the HTSeq (v0.6.1; https://github.com/simon-anders/htseq) for 
differential analysis, using the DESeq2 v1.6.3 (Love et al., 2014), and considered genes with fold change >2 
and false discovery rate (FDR) < 0.05 as significantly differentially expressed. To visualize RNA-seq signal at 
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individual genomic regions, we used the Integrative Genomics Viewer (IGV) and TDF files from igvtools 
(v2.3.57). 
 
Gene Ontology enrichment analysis 
Identification of significantly over-represented functional categories was done using DAVID (Huang da et al., 
2009). For RING1B-clusters, the entire gene list for each cluster was functionally annotated for biological 
processes. Selected GO terms were considered significant with p<0.05 and are shown in Figure 1F and Table 
S1. Genes significantly downregulated in 2KO vs. control epidermal progenitors were annotated using same 
significance parameters and selected GO terms are shown in Figure 4B and Table S2. Genes significantly 
downregulated in 2KO vs. control hair follicle cells were annotated using same significance parameters and 
selected GO terms are shown in Figure S5G and Table S3.   
 
Quantification of epidermal thickness and hair follicle length 
Epidermal thickness measurements were made from the bottom of the basal layer to the top of the stratum 
corneum using the Leica LAS AF software. Measurements of hair follicle length were made from the bottom of 
the hair follicle to the start of epidermis basal layer using the Leica LAS AF software. At least 200 random 
epidermal regions and hair follicles were measured for each animal group, from three animals (n=3) of two 
independent litters. Comparisons and statistics were performed between matching knockout and control 
littermates.   
 
Cell proliferation analysis and quantification of BrdU(+) cells 
BrdU(+) cells in the basal layer of the epidermis where quantified using the Leica LAS AF software. Nuclear 
DAPI staining was used to quantify the total number of cells in the basal layer, and the data are shown as the 
percentage of BrdU(+) cells in the basal layer. For quantification of BrdU(+) cells in the hair follicles, skins were 
counterstained with KRT5, and BrdU(+) cells were quantified in KRT5(+) hair follicle cells. Nuclear DAPI 
staining was used to quantify the total number of cells in the KRT5(+) hair follicles, and data are shown the 
percentage of BrdU(+) cells in hair follicles. At least 50 random epidermal regions and hair follicles were 
measured for each animal group, from three animals (n=3) of two independent litters. Comparisons and 
statistics were performed between matching knockout and control littermates. 
 
Quantification of KRT8(+) Merkel cells 
Merkel cells were quantified by the number of KRT8(+) cells per millimeter (mm) of skin. Sections had typical 
skin length ranging between 7-14 mm. At least 100 mm of total skin length was analyzed per condition,  from at 
least three animals (n≥3) of two independent litters. Comparisons and statistics were performed between 
matching knockout and control littermates. 
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Statistics 
To determine the statistical significance of overlap between ChIP-seq and RNA-seq data, a Fisher’s exact test 
was performed. To determine the statistical significance between two groups, a two-sided t test was 
performed. To determine the statistical significance between more than two groups, comparisons were made 
using one-way ANOVA with the Bonferroni post-hoc test. Box-and-whisker boxplots are minimum-to-maximum: 
midline, median; box limits, 25th percentile (lower quartile) and 75th percentile (upper quartile); upper whisker, 
75th-100th percentile; lower whisker, 0-25th percentile. For boxplots in Figures 1A, S4G, S4H, and 5SB: midline, 
median; box limits, 25th percentile (lower quartile) and 75th percentile (upper quartile); upper whisker, 75th-95th 
percentile; lower whisker, 5th-25th percentile. All data in bar graphs are presented as mean ±SEM. The number 
of biological replicates used for comparison is indicated in each figure. For each comparison, at least 3 animals 
for each group from two independent litters were used.   Significance levels were defined as *p<0.05; **p<0.01; 
***p<0.001; NS, not significant. For statistical analyses GraphPad Prism 5 was used.  
 
DATA AND SOFTWARE AVAILABILITY 
The accession number for the sequencing data reported in this paper is NCBI GEO: GSE112460 
 
 
Supplemental Information 
Supplemental Tables: 
Table S1. PRC1 chromatin binding profiling in epidermal progenitors, related to Figures 1 and S1. 
Table S2. Differential expression analysis of genes expressed in I53A vs. control and 2KO vs. control FACS-
enriched epidermal progenitor cells, related to Figures 3, 4, S4, and S5. 
Table S3. Differential expression analysis of genes expressed in I53A vs. control and 2KO vs. control FACS-
purified HF cells, related to Figures 4, S4 and S5.  
Table S4.  Analysis of RING1B/AUTS2 co-bound genes in epidermal progenitors, related to Figures 6 and S7. 
Table S5. List of antibodies, genotyping primers, cloning primers, RT-qPCR primers, and ChIP-qPCR primers 
used in this study, related to STAR Methods.  
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